Asymmetric division of stem cells results in both self-renewal and differentiation of daughters. Understanding the molecules and mechanisms that govern differentiation of specific cell types from adult tissue stem cells is a major challenge in developmental biology and regenerative medicine. Drosophila follicle stem cells (FSCs) represent an excellent model system to study adult stem cell behavior; however, the earliest stages of follicle cell differentiation remain largely mysterious. Here we identify Castor (Cas) as a nuclear protein that is expressed in FSCs and early follicle cell precursors and then is restricted to differentiated polar and stalk cells once egg chambers form. Cas is required for FSC maintenance and polar and stalk cell fate specification. Eyes absent (Eya) is excluded from polar and stalk cells and represses their fate by inhibiting Cas expression. Hedgehog signaling is essential to repress Eya to allow Cas expression in polar and stalk cells. Finally, we show that the complementary patterns of Cas and Eya reveal the gradual differentiation of polar and stalk precursor cells at the earliest stages of their development. Our studies provide a marker for cell fates in this model and insight into the molecular and cellular mechanisms by which FSC progeny diverge into distinct fates. polar cell | polar stalk precursor | germarium
Asymmetric division of stem cells results in both self-renewal and differentiation of daughters. Understanding the molecules and mechanisms that govern differentiation of specific cell types from adult tissue stem cells is a major challenge in developmental biology and regenerative medicine. Drosophila follicle stem cells (FSCs) represent an excellent model system to study adult stem cell behavior; however, the earliest stages of follicle cell differentiation remain largely mysterious. Here we identify Castor (Cas) as a nuclear protein that is expressed in FSCs and early follicle cell precursors and then is restricted to differentiated polar and stalk cells once egg chambers form. Cas is required for FSC maintenance and polar and stalk cell fate specification. Eyes absent (Eya) is excluded from polar and stalk cells and represses their fate by inhibiting Cas expression. Hedgehog signaling is essential to repress Eya to allow Cas expression in polar and stalk cells. Finally, we show that the complementary patterns of Cas and Eya reveal the gradual differentiation of polar and stalk precursor cells at the earliest stages of their development. Our studies provide a marker for cell fates in this model and insight into the molecular and cellular mechanisms by which FSC progeny diverge into distinct fates. polar cell | polar stalk precursor | germarium A defining characteristic of stem cells is their capacity to divide asymmetrically so that one daughter self-renews and the other differentiates. Uncovering the mechanisms governing self-renewal and differentiation is a major goal for which Drosophila oogenesis provides an excellent model (1) . The Drosophila ovary is composed of 16-20 strings of egg chambers, called "ovarioles" (Fig. 1 A and B) . Each egg chamber contains 16 germline cells surrounded by a monolayer of epithelial follicle cells. Egg chambers are linked by stalks, which are chains of five to eight follicle cells. A pair of special cells known as "polar cells" forms at each end of each egg chamber and function as signaling centers (2) (3) (4) (5) . Loss of polar cells causes egg-chamber fusion so that a single chamber contains two or more germline clusters (2, (6) (7) (8) (9) .
Polar cells, like other follicle cells, arise from follicle stem cells (FSCs) located near the middle of the structure known as the "germarium" at the border between regions 2a and 2b (Fig. 1A ) (10) (11) (12) (13) . When germline stem cells divide at the anterior tip of the germarium (Fig. 1A) , escort cells cover the differentiating daughter, which undergoes precisely four rounds of division with incomplete cytokinesis, producing a 16-cell cyst (14, 15) . At the junction of regions 2a and 2b, the cysts are released from the escort cells and encounter FSCs; a layer of follicle cells then envelops, or packages, the germline cells. Newly packaged cysts exit the posterior end of the germarium in a process called "eggchamber budding." Each egg chamber possesses a pair of polar cells at each end and is separated from adjacent egg chambers by stalk cells (16) .
Unlike other follicle cells, which continue to divide until stage 6, polar and stalk cells cease mitotic division soon after cell-fate specification. Specific expression of polar cell markers is evident first in stage 1 egg chambers (also known as region 3 of the germarium) (6, 9) . Notch and JAK/STAT signals orchestrate polar and stalk cell fates and are required to prevent egg-chamber fusions. Delta (Dl), the ligand for Notch, is expressed on germline cell surfaces and is required to specify polar cells. Then polar cells secrete Unpaired, which activates JAK/STAT and specifies stalk cells (5, 6, 9, (17) (18) (19) (20) (21) . The existence of polar/stalk precursors has been suggested (22, 23) , but recent evidence refutes the notion that there are lineage-restricted precursors of polar and stalk cells (19) . Because of the lack of suitable markers within the germarium, where, when, or how polar, stalk, and main-body follicle cell fates first separate remains largely unknown. In fact this determination is a general challenge for studying tissue stem cell biology.
One useful marker is the protein Eyes absent (Eya), which is a repressor of polar cell fate (24) . With the exception of differentiated polar and stalk cells, most follicle cells express Eya. Lossof-function of eya causes ectopic polar cells, and forced expression of Eya in polar and stalk cells leads to fused egg chambers. Loss of Eya is one of the earliest markers for polar cells identified thus far. It has been proposed that the FSCs might divide to produce a daughter that turns on Eya and a daughter that turns off Eya (24, 25) , although direct evidence for these changes in gene expression has been lacking. The progeny of the Eya − cell were proposed to go on to form the polar cells and stalk cells and the progeny of the Eya + cell go on to form the rest of the follicular epithelium. However, how the absence of Eya leads to polar and stalk cell fate is unclear.
Eya loss also results in hyperactivity of Hedgehog (Hh) signaling (24) . Hh plays many roles in embryonic development, adult homeostasis, birth defects, and cancer (26) . In Drosophila
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1300725110/-/DCSupplemental. oogenesis, Hh is expressed in cap cells and the terminal filament (Fig. 1A ) and serves as a long-range signal to maintain FSCs and promote follicle cell proliferation. Loss of Hh results in stem cell loss, and hyperactivity induces extra FSCs (27, 28) . Excess Hh causes follicle cell hyperproliferation and, curiously, ectopic polar cells (27) (28) (29) (30) (31) (32) . Conversely, reduction in the activity of Hh signaling causes fused egg chambers.
Here, we report that the gene castor (cas) is expressed in FSCs, early follicle precursors, and in polar and stalk cells. An evolutionarily conserved gene, cas encodes a zinc finger protein required for cell-fate specification and cell differentiation (33) (34) (35) (36) (37) . Cas and Eya exhibit complementary patterns of expression in egg chambers so that Cas is restricted to polar and stalk cells from which Eya is excluded. Mutation of cas leads to loss of FSCs and fused egg chambers, indicating that cas is required for FSC maintenance and polar/stalk cell fate. Furthermore Eya inhibits Cas expression, and this inhibition explains why suppression of Eya is necessary for polar and stalk cell specification. In the germarium, the combination of Eya and Cas staining reveals the earliest steps in follicle cell differentiation. important regulator of FSCs and of the cell-fate diversification of their progeny.
Results
Cas Is Expressed in FSCs as Well as Polar and Stalk Cells. In a screen for genes that affect ovarian development (38), we identified cas, a gene known to determine Drosophila neural precursor cell fate (33, 34) . Antibody staining revealed that Cas is expressed in follicle cells of the germarium, including the region where the FSCs reside, and later is strikingly restricted to polar and stalk cells ( Fig. 1 B and C) . We tested whether Cas is expressed in FSCs and is required for their function. FSCs cannot be identified unambiguously because of the lack of specific molecular markers (11, 16, 19, 32, (39) (40) (41) . However, indirect methods can be used. A simple approach is to stain with an antibody against Fasciclin III (FasIII); FSCs are the cells immediately anterior to FasIII + cells (32, 39, 40) . Double labeling revealed that Cas is expressed in cells anterior to the FasIII expression ( Fig. 1 D and E) . One caveat, however, is that some early FSC daughters also express very little FasIII (19) . A higher-magnification confocal micrograph further showed that Cas is expressed at the border of regions 2a and 2b ( Fig. 1 F-H) .
A more definitive method for identifying stem cells is lineage tracing (16) . If mitotic recombination is induced and the recombination takes place in the FSC, then marked cells will persist for a long period (Fig. S1A ). If a cell other than a stem cell is marked, it will differentiate, contribute to an egg chamber, and eventually leave no marked cell in the germarium (Fig. S1B ). Therefore the most-anterior cell of a long-lived clone is an FSC. It takes 3-4 d for follicle cells to differentiate and leave the germarium, so marked cells that remain in the germarium for more than 4 d after clone induction (ACI) are considered FSC clones. In lineage-tracing experiments, mosaic analysis with a repressible cell marker (MARCM) was used to label FSC clones with GFP (42) . Fourteen days after induction, the mostanterior cells in the FSC clones expressed Cas ( Fig. 1 I-K), albeit at lower levels than differentiating cells.
Cas Is Required for FSC Maintenance. Because Cas is expressed in the FSC, we tested whether it functions in FSC maintenance. Homozygous cas mutants are lethal (33, 34) , so the null allele cas Δ1 was recombined with flippase recombination target at 82B (FRT82B) for clonal analysis (43) . After heat-shock treatment to induce mitotic clones, flies were kept at 25°C for 3-21 d before dissection. At day 3 ACI, cas-mutant and control germaria contained similar percentages of clones (∼80%; Fig. 1L ). At 7, 14, and 21 d ACI the percentage of germaria containing clones decreased in wild type, reflecting the normal loss of stem cells that occurs over time (32, 39, 40) . We observed an even greater loss of cas-mutant stem cells. At 21 d ACI 38% of control germaria contained marked FSC clones, whereas only 20% contained FSC clones homozygous for cas Δ1 at 3 wk ACI, a phenotype that was rescued to wild type by including UAS-cas at 25°C (Fig. 1L) . Thus, Cas promotes FSC maintenance.
Cas Is Required for Polar and Stalk Cell Fates. After egg-chamber budding, Cas expression is restricted to polar and stalk cells and is precisely complementary to expression of the polar cell-fate repressor Eya ( Fig. 2 A and B) . To test whether Cas is required for polar and stalk cell fates, we used MARCM analysis. In contrast to controls ( Fig. 2 C-E), cas-mutant clones ( Fig. 2 F-H) caused loss of stalks resulting in fused egg chambers that contained multiple germ cell clusters. Polar cells also were lost in cas Δ1 mosaic ovarioles. In contrast to egg chambers containing control clones ( Fig. 2 C-E), which contain two FasIII + polar cells at each end, no FasIII staining was observed when cas Δ1 -mutant clones spanned the region between two cysts ( Fig. 2 F-H) .
Fused egg chambers also were observed frequently in RNAi experiments. Cas expression was knocked down using c306GAL4 ( (Fig. S3) . Therefore, loss of eya was sufficient to result in polar-like and stalk-like cell fates. Conversely, ectopic Eya expression caused the loss of polar and stalk fates (24) . In wild-type egg chambers ( Fig. 2 A-C) and those in which mCD8-GFP was expressed using c306GAL4 ( Fig. S2 A-D) , normal polar and stalk cells formed. Ovarioles expressing Cas alone with the c306GAL4 driver also appeared normal (Fig. 2 M-O) . In contrast, expression of Eya using c306GAL4 caused loss of polar and stalk cells (Fig. 2 P-R and Fig. S4 ). In more than 60% of c306GAL4; UAS-eya ovarioles, egg chambers completely failed to bud ( Fig. S4 J and K) . In the remaining ovarioles we observed fused egg chambers containing neither polar cells nor stalk cells between the germline cysts ( Eya expression was de-repressed in cas-mutant cells (Fig. S2 U-X), indicating mutual repression; however, ectopic expression of Cas was insufficient to suppress Eya or to induce ectopic polar or stalk cells (Fig. 2 V-X) . We conclude that Eya represses polar and stalk cell fates at least in part by suppressing Cas expression, which is required but not sufficient for their specification.
Cas Expression and Polar/Stalk Specification Require Hh Signaling.
Eya and Hh exhibit mutual repression in the fly ovary (24), so we tested the effect of Hh on Cas using heat-shock-inducible Hh (hs-hh). Ovaries were analyzed following heat shock twice each day for 3 d and incubation at 25°C for 2 d before dissection. As expected (23, 29, 30) , we observed extra polar cells and gigantic stalks; these also showed Cas expression (arrowhead in Fig. 3 A-C). Clones mutant for patched (ptc), a negative regulator of Hh signaling, also caused gigantic stalks and ectopic expression of Cas expression (Fig. 3 D-F) , although not every ptc − -mutant cell expressed Cas.
Furthermore, we tested whether polar and stalk cell formation required Hh. Temperature-sensitive hh (hh ts )/hh AC flies were grown and kept at room temperature and then were shifted to 29°C for 7 d to induce fused egg chambers (44) . In contrast to the hh ts /+ control (Fig. 3J) , hh ts /hh AC egg chambers contained 32 nuclei in two Vasa clusters with no visible polar or stalk cell or Cas expression (Fig. 3 K-M) . These data demonstrated that Hh is required for Cas-dependent polar and stalk cell formation. To prevent the global effects of hh ts , we further analyzed mutant clone phenotypes for smoothened (smo), a positive mediator of Hh. In smo 3 -mutant clones, which were marked by the absence of GFP, Cas staining was undetectable, and the stalk was missing (arrows, Fig. 3N ). Cas expression also was undetectable in a small smo 3 clone generated at the posterior part of late region 3, in presumptive polar/stalk precursors ( Fig. 3 O-Q) . Hence, Hh signaling has an active role in specifying polar and stalk cell fates in addition to its function in promoting follicle cell proliferation (28, 29) .
Hh Antagonizes Eya to Promote Polar and Stalk Cell Fate. Hh and Eya exhibit mutual repression, and the absence of Eya converts main-body follicle cells to polar cells (24) . This effect explains how ectopic Hh signaling can induce ectopic polar cells. However, spatially patterned Hh activity is not required for specification of polar cells (27, 28) . To clarify the relationship between Hh, Eya, and Cas further, we carried out genetic epistasis analysis. In hh, eya double-mutant cells, Cas expression was induced ectopically in the main-body follicle domain (arrowhead, Fig. 3 R-T), and long, multirow stalks were observed (arrows, Fig. 3 R-T) . Thus, the double mutant phenocopied eya single mutants rather than hh, placing eya downstream of hh in a common pathway. We infer that Hh promotes cas expression by suppressing eya. This model predicts that reducing the concentration of Eya might enhance the Hh gain-of-function phenotype. To test this hypothesis, we removed one copy of eya in the presence of a single copy of the hs-hh transgene and found that the long stalk phenotype was greatly enhanced. Stalks became even longer and contained more cells as compared with the phenotype -mutant clones (J-L) ectopically expressed Cas in many follicle cells (arrows) and caused long, abnormal stalks (arrowheads) in 24 of 24 ovarioles that contained clones between egg chambers when analyzed 7 d ACI. Clones confined to the main body epithelium (n = 78) transformed into ectopic polar cells as previously described (24), and all such cells expressed Cas (Fig. S2 M-P caused by one copy of hs-hh alone (arrows, Fig. 3 U and V) . There also were extra Cas + cells close to the poles (arcs, Fig.  3V ), similar to the phenotype we observed in the presence of two copies of hs-hh (arcs, Fig. 3 A-C) . In contrast, knocking down the expression level of Cas in the presence of one copy of hs-hh suppressed the phenotype, reducing the stalk cell number to normal or to even less than wild type (Fig. 3W ). In addition, many egg chambers fused together (arrows, Fig. 3W ), placing Cas downstream of Hh. This result further confirms that Cas is essential for polar/stalk cell formation and that without it even increasing Hh signaling activity cannot induce long, thick stalks. Overexpression of Eya also suppressed the ectopic polar cells and excess stalk cells caused by hs-hh (Table 1) . For example, in the presence of two copies of the hs-hh transgene, 34% of egg chambers contained ectopic polar cells; this percentage was reduced to 3% when Eya was coexpressed. Taken together, these findings support the idea that Hh signaling positively affects Cas expression and polar and stalk cell fates by suppressing Eya.
Because Cas labels polar and stalk cells from very early in oogenesis and is required for their development, we investigated where and when polar and stalk cell fates are first specified. In the germarium, staining with either Eya or Cas alone is not particularly informative, because each exhibits some staining, although more weakly than at later stages (Fig. 4 A and B) . However, double labeling reveals that cells located between germline cysts in region 2b have stronger Cas expression and lower Eya expression (arrow, Fig. 4 C and D) , whereas the presumptive main-body follicles have more prominent Eya than Cas (arcs, Fig. 4 C-E). Higher magnification of successive stages of germarium development further shows the development of precursor cells between two cysts (Fig. 4 F-J) . As follicle cells divide and the cyst grows, so does the population of intercyst cells, which progressively lose Eya expression (brackets, Fig. 4 F-J) . At the same time, the cells that are not close to the border between two cysts progressively lose Cas staining (arcs, Fig. 4 F-J). Eventually, a boundary of complementary expression is established upon egg-chamber budding, and Eya expression is undetectable in mature stalks composed of a single row of cells (Fig. 4J) . Over time, the number of Eya + and Cas − cells in each egg chamber increases. This result supports previous findings that polar and stalk cells stop dividing soon after cell-fate specification, whereas main-body follicle cells continue to divide until stage 6 (16, 23, 45) . Based on the dynamic expression patterns and the loss-and gain-of-function phenotypes observed in Eya and Cas, we conclude that the distinction between polar and stalk cell and main-body cell fates depends on the ratio of Cas and Eya.
We also took advantage of these two early cell-fate markers to test whether there is lineage restriction for polar and stalk cells versus main-body follicle cells in the germarium. In agreement with previous studies that relied on later markers of cell fates (19), we found some clones derived from a single cell that included a mixture of polar/stalk and main-body cells even in the germarium. Therefore, there was no strict lineage restriction for the polar/stalk cell fate (Fig. S5) .
Relationship Among Notch, JAK/STAT, and Cas in Polar/Stalk Cell Fate Specification. Even after egg chambers bud, polar and stalk cell fates are reversible and are regulated by the balance of Notch and JAK/STAT activity (6, 18) . We took advantage of the early expression of Cas and Eya to examine the effect of Notch (Fig.  S6 ) and JAK/STAT (Fig. S7) on cell fates at the earliest stages of follicle-cell differentiation. Because neither Notch (Fig. S6 A-C) nor stat (Fig. S7 A-C) loss of function affected the pattern of Cas or Eya expression in the germarium, we conclude that these signals do not affect the earliest follicle cell-fate distinctions. However, as egg-chamber development progresses, Notch or statmutant clones at the pole ends of egg chambers lead to eggchamber fusions, consistent with previously published results, and there is a concomitant loss of Cas (Figs. S6 D-F and S7 A-C). Some stat-mutant cells express both Cas and Eya in stage 7 or 8 egg chambers (Fig. S7 D-F) , indicating that JAK/STAT signaling is required for the maintenance of cell fates after eggchamber budding but not for the initial specification of the polar/ stalk precursor pool. Further support for the conclusion that Cas functions independently of Notch is that ectopic Cas and constitutively active Notch together caused many extra FasIII + cells to form, whereas, under the conditions of this experiment, neither one alone was sufficient ( Fig. S8 ; see Materials and Methods for details).
Discussion
Identifying genes required for stem-cell maintenance and elucidating the precise series of molecular steps that govern when and where specific differentiated cell types form from stem cells is critical for regenerative medicine and for understanding normal organogenesis. The Drosophila ovary is an excellent model because of the presence of germline and somatic stem cells and continuous production of differentiated progeny throughout adult life. However, the lack of markers has made it particularly difficult to study FSCs and their immediate progeny in the germarium (2, (4) (5) (6) 19) . The work reported here shows that Cas is critically required for early development of follicle cells. Cas is required for FSC maintenance, and because we found no evidence of increased cell death in ovarioles containing cas-mutant clones, it is likely that Cas promotes FSC maintenance by preventing their differentiation, possibly by keeping Eya levels low. In addition, because the most anterior Cas + cells are the FSCs, Cas can facilitate the identification of FSCs even without lineage tracing. Moreover, the combination of Cas and Eya staining reveals early distinctions in gene-expression patterns in the germarium, because cells gradually acquire polar/stalk or main-body precursor fates. Together with Hh signaling, Cas and Eya form a critical and early-acting network (Fig. 4 K-N) .
Complementary Expression Patterns and Functions of Cas and Eya
Orchestrate Follicle Cell Fates. Cas is expressed in a striking pattern. In mature egg chambers it is restricted to polar and stalk cells from which Eya is excluded, suggesting complementary functions for these two genes. In the germarium, staining with either marker alone is difficult to interpret. However, when they are combined, the two markers reveal a pattern. Cas and Eya are both expressed at low levels in FSCs, and as their progeny differentiate, cells either express more and more Cas and lose Eya, or vice versa. The cells with higher Cas presumably differentiate into polar or stalk cells, which ultimately express only Cas; the cells in which Eya expression persists and Cas disappears differentiate into the main-body follicle cells.
The complementary expression patterns accurately reflect complementary functions of Eya and Cas in egg-chamber development. Eya is a potent repressor of polar and stalk cell fate, whereas Cas is required for polar and stalk cells. Loss of Eya results in ectopic Cas expression, and ectopic expression of Eya in polar and stalk cells is sufficient to suppress Cas and cause fused egg chambers. Mutual repression between Cas and Eya would provide a simple mechanism for sorting of the two expression domains. However, Cas by itself is not sufficient to suppress Eya or induce polar or stalk cell fate. This finding is intriguing, because it suggests that when the balance tips so that a cell expresses more Eya than Cas, the cell-fate decision is irreversible, and main body cell fate is sealed. However, when the balance tips in favor of Cas expression, cell fate remains labile, and the polar/stalk precursor fate can revert to the main-body fate, providing a mechanism for reducing the numbers of polar and stalk cells if too many precursors form. Early Cell-Fate Distinctions. Proposed mechanisms by which polar and stalk cell fates become distinguished from the main-body follicle cells have been contradictory and controversial. One study suggested that there is a polar/stalk lineage (22, 23) . Others have suggested no lineage restriction (19) . One challenge has been the lack of markers to follow cell fates at the earliest stages and therefore the need to make inferences about early events based on analysis of late stages. Using the early expression of Cas and Eya to analyze early stages of follicle cell differentiation, we found that both Cas and Eya are expressed in FSCs as well as the early progeny in region 2b, but the balance of expression begins to break as cells progress beyond this stage and a pool of polar and stalk precursor cells becomes discernible (Fig. 4 F-J (45) . Mutation of Cubitus interruptus (Ci), the major downstream effector in conventional hh signaling, does not affect egg-chamber patterning (24, 28) or Cas expression (Fig. S9) . Therefore, the effect of Hh on Cas-dependent polar/stalk precursor cell fate must be mediated by an effector other than Ci.
Hh signaling promotes follicle cell proliferation (28, 29) . Because of the lack of specific prefollicle markers to monitor cellfate transitions in the germarium, the prevailing view has been that the fused egg chamber phenotype caused by hh ts is primarily the result of insufficient numbers of follicle cells rather than defects in polar or stalk cell fate specification. However, we found that blocking Hh activity repressed Cas expression, leading to dramatic effects on egg-chamber patterning. Molecular epistasis analysis indicated that Hh signaling antagonizes Eya to maintain Cas expression and hence potentiate polar/stalk cell fate. Therefore, the ratio of Hh pathway activity to Eya expression in follicle cell precursors may be the critical determinant of which fate they adopt. However, Eya expression is not restored completely in smo 3 -mutant cells, including main-body cells. So, although highlevel Hh signaling suppresses Eya in this tissue, some Smo function also is required to maintain Eya expression.
Hyperactivity of Hh signaling does not transform every mainbody follicle to polar/stalk cell fate (23, 24, 29) . Moreover, deleting protein kinase A and disabling Hh at the same time results in normal ovariole development, suggesting that although Hh signaling is important, no spatial pattern of the signal is required (28) . So the question of how the alternating pattern of Cas and Eya expression arises in region 2b remains. Lateral inhibition between polar/stalk precursors and main-body precursors could be an appealing notion; however, Notch signaling, which is the best-characterized mediator of lateral inhibition, is not required for the earliest cell-fate decision. Another intriguing possibility is that temporal oscillations in Hh signaling, rather than a spatial pattern, could contribute to alternating polar/stalk and mainbody cell fates. In contrast to embryonic and larval pattern formation, which occurs in a single linear sequence, oogenesis is an ongoing process requiring continuous, repeated patterning as new egg chambers form. Therefore, in principle, temporally patterned signals could generate alternating cell fates. Alternatively, the balance between Eya and Cas may be broken stochastically (46) . Whatever the mechanism, it appears that roughly equal numbers of polar/stalk and main-body precursors are specified initially; then at least two mechanisms dramatically change the number of cells in the two lineages. First, polar and stalk cells stop dividing earlier. Second, excess polar/stalk precursors can change their fate to main body cells.
Before the current work, Cas had been identified and studied for its role in determining neural cell fate. Drosophila neuroblasts (NBs) are not actually self-renewing stem cells. Rather, they are progenitors that produce a defined set of progeny in a specific temporal sequence. Each NB divides asymmetrically to produce a ganglion mother cell (GMC), which goes on to produce a pair of neurons. Each NB division produces a GMC with a distinct fate, which depends on the sequential expression of a series of transcription factors, ending with Cas. In contrast, FSC divisions are truly self-renewing and iterative: They keep producing polar/ stalk and main body precursors division after division. Because of these differences, it is not surprising that the upstream regulation of Cas differs in NBs and follicle cells. The transcription factors that act earlier in the NB temporal sequence, Kruppel, Hunchback, and POU domain protein 2 (Pdm2) are not expressed detectably in follicle cells. Instead Hh, a known stem cell factor, regulates Cas expression directly or indirectly.
The progeny of NBs are GMCs, which produce two neurons each. The progeny of FSCs are polar/stalk (or main body) precursors, which produce a more variable number of progeny, the fates of which are determined subsequently by their ratio of Eya to Hh/Cas. So is there anything in common between the role of Cas in the nervous system and the ovary? The function of Cas in the NB is to repress Pdm so that the NB can produce interneurons instead of RP5 motor neurons. Similarly, Cas in polar and stalk cells is required to repress Eya and the main body cell fate. Furthermore, in the nervous system Cas is required to inhibit the third fate, thereby allowing the fourth fate. Ectopic expression of Cas is not sufficient to convert the first or second fate into the fourth fate. Similarly Cas in follicle cells is necessary but not sufficient to specify polar and stalk cell fates.
Overall this work provides insight into the cellular and molecular mechanisms governing maintenance of an adult tissue stem cell and the earliest steps of cell-fate diversification of the progeny. This work also provides useful markers for future studies. Inappropriate sonic hedgehog activation is observed in human familial and sporadic basal-cell carcinomas and in prostate and breast cancers. Hh pathway inhibitors hold promise for treatment of these conditions (47) , although the requirement for hh signaling in normal tissues could result in severe side effects of such drugs. Therefore, identification of tissue-specific effectors of Hh may represent even better drug targets (48) . It will be of interest to determine whether the human homolog of Cas also proves to function as a tissue-specific downstream target of Hh.
Materials and Methods
Drosophila Genetics. The following Drosophila strains were used in this study: w 1118 was used as wild-type control. Mutant clones were generated by mitotic recombination using the FLP/FRT system as follows. Adult female flies were heat shocked twice daily for 1 h (about 8 h apart) at 37°C for 3 d and then were kept at 25°C for 3-21days. Flies were shifted to 29°C and fed with wet yeast for overnight fattening before dissection. The following alleles were used: eya 54C2 , FRT40A; smo 3 was recombined with FRT82B (from Bloomington Drosophila Stock Center) for clonal analysis. For MARCM, hs-FLP, UAS-srcEGFP; actin-GAL4, UAS-EGFP; FRT82B, tub-GAL80 (from Ting Xie, the Stowers Institute for Medical Research) was used to mark clones for rescue analysis directly with UAS-cas (from Ward F. Odenwald). To enhance GFP expression in marked clones, flies with induced clones were incubated at 29°C for 24 h before dissection. The genotypes for rescue experiments were hs-FLP, UAS-srcEGFP; UAS-cas/actin-GAL4, UAS-EGFP; FRT82B, cas Δ1 /FRT82B, tub-GAL80. For ectopic polar cell induction, flies carrying UAS-N intra (from Kenneth D. Irvine, Rutgers University), UAS-cas, or both were cultured below 20°C and then shifted to 31°C for 3 d before dissection, to inactivate the GAL80 repressor. For FLP-OUT experiments female flies were heat shocked at 37°C for 1 h and then were incubated at 25°C for 2 d before dissection. stat ts /stat 1681 transheterozygotes were transferred from 25°C to 29°C for 5 d before dissection.
To knock down castor expression, UAS-cas RNAi2928 and UAS-cas
